Electrons can experience super-adiabatic heating at a collisionless shock due to the presence of a cross-shock electric potential. This heating can greatly exceed the temperature rise associated with the conservation of the magnetic moment of the electrons as they move into the stronger magnetic eld downstream of the shock. The criterion for the onset of super-adiabatic heating and the e ects of the detailed structure of the shock are investigated for the special case where the magnetic eld is perpendicular to the shock normal. A comparison of the natural length scale of the electron orbits and the shock thickness is used to derive a new criterion for the onset of super-adiabatic heating. This new heating criterion facilitates an improved understanding of the role of various physical parameters in determining the degree of electron heating. It has the same functional form as the condition for the electron equations of motion to permit exponential divergence of electron orbits { an important feature of dynamical chaos { which it has previously been argued determines the onset of super-adiabatic heating. However, we show that the orbits of individual electrons undergoing super-adiabatic heating do not diverge signi cantly because of the very short time they spend within the shock, the only region in which the equations of motion are nonlinear. The techniques used to analyse dynamically chaotic systems are therefore of little assistance in understanding this potentially important process.
Introduction
We investigate the orbits of electrons which encounter a magnetized collisionless shock. The orbits are integrated directly by solving the Lorentz equations of motion. The electrons are treated as test particles and they are in uenced by the electric and magnetic eld structures associated with the shock { assumed to be determined by the far more massive positive ions in the plasma. Only the special case where the magnetic eld is perpendicular to the shock normal is considered here, because of its relative simplicity compared to the more general case of an oblique shock. At a compressive shock the plasma density is higher downstream of the shock than it is in the upstream (undisturbed) region. The high conductivity of plasma ensures that the magnetic eld is frozen into the uid and so it too is compressed across the shock. Within the shock there is also an electric eld component which is parallel to the shock normal and so there is an associated electric potential di erence across the thickness of the shock front. In the shock normal frame of reference (in which the shock front is stationary and the upstream plasma is owing into the shock along the shock normal) there is also a uniform electric eld component parallel to the shock front. As electrons cross the shock from upstream to downstream they interact with these elds in such a way that on average they gain kinetic energy. When the shock transition is su ciently thick the elds seen by the electrons vary slowly and the changes to a distribution of electrons which encounters the shock are adiabatic: the perpendicular momenta of the electrons increase due to the conservation of the rst adiabatic invariant p 2 ? =B.
When the shock width is decreased su ciently the changes are no longer adiabatic and electrons can gain a considerable amount of kinetic energy from the cross-shock electric potential di erence. This e ect can increase the kinetic energy of the bulk of the electrons which encounter the shock, by an amount which greatly exceeds the adiabatic increase, and so we refer to it here as super-adiabatic heating. The process is of considerable theoretical interest, and may have direct application to observations of hot electrons associated with interplanetary shocks. In particular, it is generally accepted that quasistationary electric elds within shock fronts are responsible for heating the energetic electrons observed by in situ satellite experiments at interplanetary shocks (Goodrich & Scudder 1984) . Super-adiabatic heating by a cross-shock potential at a perpendicular shock with simple electric and magnetic eld pro les has been investigated by Balikhin, Gedalin & Petrukovich (1993; hereafter BGP93) and Balikhin & Gedalin (1994; hereafter BG94) . Those authors identi ed the possibility of exponential divergence of electron orbits within a thin shock { a signature of dynamical chaos { and established that the onset of super-adiabatic heating generally coincided with the criterion for exponential divergence to be allowed by the electron equations of motion. Gedalin et al. (1995a) considered a more realistic, and more complicated, model for the shock elds, and Gedalin et al. (1995b) extended the treatment to quasiperpendicular shocks. This paper complements the work of BG94 and the earlier work by BGP93, extending the description of the interaction of electrons with the shock in terms of orbit theory. Particular attention is paid to the di erent contributions to the mechanical energy of the electrons. A new criterion for super-adiabatic heating is identi ed and used to clarify the role played by the various shock features in determining the electron heating. The role of exponential divergence of the electron orbits in the super-adiabatic heating process is considered in detail and ultimately disregarded as being of little relevance to the heating process. The paper is organized as follows. We de ne the system considered in section 2, and in section 3 we present example calculations of electron orbits through thick and thin shocks together with electron distributions before and after a shock encounter. In section 4 we consider the role of chaos and exponential divergence of electron orbits. Section 5 is devoted to the new criterion for the onset of super-adiabatic heating. In section 6 we discuss the di erent contributions to the mechanical energy of the electrons and identify the changes that occur across a shock. A discussion of how much heating occurs under di erent conditions is presented in section 7, and then the nal section contains discussion and conclusions.
De ning the system
We consider a shock in which the magnetic eld B (parallel to z) is perpendicular to the shock normal; the uid ow is along the shock normal and parallel to x. The shock is thus in the y ? z plane and the basic geometry is shown in Figure 1 .
Any shock necessarily has a nite width, between These analytical forms, shown in Figure 2 , facilitate the calculations of particle orbits through the shock and have been used by BG94 and BGP93. However, the elds in real shocks are more complicated than these simple forms (e.g. Leroy et al. 1982 ) and they display structure on shorter length scales than the analytic approximations asssumed in this work. The possible implications of one such structure, the`magnetic overshoot' is discussed brie y in section 8. 
Equations of motion
The electron motion is determined by the Lorentz equation m dv=dt = q(E + v B) which will be expressed in terms of dimensionless parameters (indicated by being capitalized or by a hat). Time is scaled by the electron gyroperiodt = e t where e = eB u =m e is the upstream electron gyrofrequency, and speeds by the Alfv en speed v A so thatv = v=v A .
A natural choice of scaled elds isÊ = E=B u v A and B = B=B u . We introduce a dimensionless parameter D related to the shock thickness and de ned such that x s = D(c=! pe ) where ! pe is the plasma frequency, and then scale the position coordinates by dividing by x s so that
The dimensionless equations are then The electron motion along the z axis, i.e. parallel to B, is uniform and so can be ignored. We therefore consider only the components of electron velocity that are perpendicular to B, namely v x and v y .
Temperature
The temperature corresponding to the two velocity components perpendicular to B is useful when considering the e ect of a shock on a distribution of electrons. We de ne
where here v = (v x ; v y ) and the angle brackets imply an average over the electron distribution. This temperature of the reduced 2-dimensional system is related to the usual temperature by T = T k + 2T ? =3 where
(The distinction between T ? and T was unclear in BGP93 and BG94.)
Examples of orbits
We use the same fundamental plasma parameters as BGP93 and BG94. The properties of the unshocked plasma are: magnetic eld B u = 5 nT, and density n = 5 10 6 m ?3 . The upstream electron gyrofrequency, plasma frequency and Alfv en speed are therefore e = 880 Hz, ! pe = 1:26 10 5 Hz, and v A = 4:88 10 4 m s ?1 , and thus the scaling parameter in eqns (5) & (6) is v A ! pe =c e = 2:33 10 ?2 . The shock speed is generally taken to be v u = 400 km s ?1 and it follows thatÊ y =v u = 8:20. The e ect of varying this parameter is investigated in x7. All calculations are for a moderately strong shock of compression ratio r = 3.
The value of the parameters D and the cross-shock potential together determine the e ective thickness of the shock, as demonstrated by BGP93 and BG94. When the shock is thick, i.e. when is small and D is large, an electron executes many gyrations as it passes through the shock, as illustrated in Figure 3a for which = 500 V and D = 7. If the cross-shock potential is held xed while D is reduced the electron gyroradius inside the shock region becomes comparable to the shock half-thickness x s { Figure 3b shows the case where D = 4. Figure 3c illustrates the e ect of reducing D still further, showing the case for which D = 1. An electron encountering the shock front is now rapidly accelerated by the cross-shock potential and is dragged straight across the shock. The electron exits the shock into the downstream region, but then returns as it executes a Larmor gyration. On reentering the shock the electron is initially decelerated by the cross-shock electric eld, then reaccelerated towards the downstream region. This pattern of acceleration by E x within the shock followed by gyration in the downstream region and re-entry to the shock can occur a number of times before an electron ultimately escapes downstream and no longer encounters the shock region. Increasing while holding D xed results in the same sequence of electron behavior.
The overall e ect of the shock is illustrated by considering a drifting Maxwellian distribution of electrons well upstream of the shock. A suitably large number of electrons are selected from the distribution and their orbits are integrated until each is well 
The adiabatic case
When the shock half-thickness x s is much larger than the natural length scales of the electron orbit, the electric and magnetic elds seen by an electron vary slowly and the rst adiabatic invariant p 2 ? =B is conserved. Since the magnetic eld increases by the compression ratio r across the shock, the square of the perpendicular momentum of an electron increases { on average { by the same factor. The perpendicular temperature T ? of a distribution of electrons is directly proportional to the average value of p 2 ? , sò adiabatic heating' at a`thick' shock implies a downstream temperature T ?d = rT ?u . This is the case illustrated in Figure 3a and 4b. The nal temperature of the distribution depicted in Figure 4b is found to be T ?d = 30 eV which is precisely the expected value for a shock with r = 3. Once the shock thickness is su ciently large (in this case D > 6) the downstream temperature is una ected by further increases in D, or decreases in .
3.2. The super-adiabatic case As x s decreases or increases a signi cant fraction of the cross-shock potential energy change can be transferred to the gyrokinetic energy of the electrons. In an extreme case such as that illustrated in Figure 3c the electrons are e ectively dragged across the shock region by the cross-shock electric eld, and are essentially demagnetized while they are within the shock region. However, this is not the whole story since the magnetic eld becomes important again as soon as an electron exits the shock into the downstream region, and unless the uid speed is very high the electron returns to the shock region from the downstream plasma, and may have a number of shock re-encounters before it nally exits downstream and does not return.
The downstream electron temperature is thus a strong function of both the cross-shock potential and the shock thickness when D is su ciently small, with T ? increasing with increasing and inversely related to D. However, it is di cult to more accurately characterize the change of gyrokinetic energy of an individual electron, or the change in the temperature of a distribution of electrons, as a function of D and .
We show in x7 that the parameterization suggested by BG94 is incorrect.
Chaotic orbits?
In both Gedalin et al. (1995a) and Gedalin et al. (1995b) the demagnetization of electrons was recognized as a crucial factor in super-adiabatic heating, but together with BGP93 and BG94 the heating was attributed to an orbit instability associated with the onset of dynamical chaos { the exponential divergence of the electron orbits within the shock region. We show below that this potential for exponential orbit divergence is not realized.
The scaled equations which govern the system are given by (5){(8). Since nothing else depends on it Y can be ignored so the system e ectively reduces to three independent dynamical variables, the minimum number required for an autonomous set of ordinary di erential equations to exhibit chaos. The equations of motion must be nonlinear for chaos to arise. Within the shock region, i.e. for jXj < 1, the termÊ x (X) / (X 2 ? 1) 2 is always nonlinear, as arê v yBz (x) andv xBz (x) except in the trivial case of a noncompressive shock with r = 1. However, outside the shock (jXj > 1) the equations of motion are linear and so cannot exhibit chaotic behavior. Since the electrons only spend a limited amount of time within the shock, it is by no means clear that if chaos arises its e ects will be manifest. This fundamental inhomogeneity of the system is of primary importance since the increasing nonlinearity of the equations of motion with decreasing shock thickness (or increasing crossshock potential) is countered by the decrease in the time spent in the shock region by an electron following an orbit such as one of those shown in Figure 3 .
A standard approach in identifying dynamical chaos is to associate a Lyapunov exponent, i , with each phase space dimension. These exponents characterize the evolution of the phase space separation between two particles which start with almost the same initial phase space parameters. If at least one of the exponents is positive then the separation of particles which are initially arbitrarily close in phase space grows exponentially along the corresponding directions in phase space. The Lyapunov exponents of any system must satisfy P i i r F where F is the generalized ux vector (Baker & Gollub, 1996, pp. 13-16) given in this case by the right hand side of equations (5) (11) it follows immediately that r F = 0 and hence P i i = 0. The equations of motion are therefore said to be conservative and when there is no positive i , all i must be zero.
In the Appendix we present a means of calculating the Lyapunov exponents for this system which is locally equivalent to that presented by BGP93 and the following papers, and which leads directly to the same equation for what might be called the`local Lyapunov exponents' (equation (8) of BGP93). BGP93 showed that subject to certain assumptions the largest local Lyapunov exponent can be positive, but only in the upstream half of the shock region (where @E x =@x is less than a critical negative value). The condition for this to occur is given by equation (9) 
and BGP93 and BG94 argue that when this is satis ed, exponential orbit divergence leads to superadiabatic heating. However the underlying premise in any treatment of dynamical chaos is that orbits diverge over a suciently long time for in nitesimal di erences to grow into macroscopic e ects. Lyapunov exponents are therefore inherently non-local, and are usually calculated by numerical techniques. The calculation presented in the Appendix uses a technique due to Benettin et al. (1980) to calculate non-local values for all four exponents. This proceeds by considering the propagation through phase space of four linearly independent in nitesimal di erence vectors, periodically renormalizing and reorthogonalizing. The cumulative long-term averages of the logarithms of the stretching ratios in the associated phase space directions converge to the Lyapunov exponents. The results of such a calculation are presented in Figure 5 for = 500 V and D = 7 (left panel) and D = 1 (right panel) with the same initial coordinates X = 0:95 andv x =v y =v T =100 wherev T = p 2k B T=m=v A is the normalized upstream thermal speed. In a homogeneous system the curves plotted would converge smoothly to the values of the four Lyapunov exponents of the system (the abscissa is the number of integration steps). This is the sort of behavior exhibited in the left panel of Figure 5 for which only adiabatic heating occurs, there are no positive local Lyapunov exponents, and the cumulative sums all approach zero. The cusps in the cumulative sums are associated with changes in the sign of v x ; there is no obvious signature associated with the electron crossing the shock midplane, which occurs only once at timestep 785. On the other hand, for the shock parameters used for the right panel of Figure 5 there is considerable super-adiabatic heating, as seen in Figure 4 , and the condition given by equation (11) is certainly satis ed. However, the cumulative sums never converge to a non-zero value because the electron repeatedly exits from the upstream half of the shock into regions where the local Lyapunov exponents are necessarily zero. Each crossing of the shock midplane corresponds to a jump in the plots in Figure 5 . Each time the electron re-enters the upstream half of the shock, where chaotic behavior could in principle occur, the curve of the cumulative sum corresponding to the largest Lyapunov exponent (the one above zero) attens and one of the other curves jumps to a larger negative value. The nature of these curves suggests that when the shock is su ciently thin there can indeed be a positive local Lyapunov exponent, but they also suggest that ultimately the limited time spent by an electron in the upstream half of the shock region may prevent any macroscopic orbit divergence. We show in the Appendix that in the limit of a thin shock the quantity t , where t is the time it takes an electron to cross the upstream half of the shock, is independent of the shock thickness (and indeed of all the plasma parameters). Furthermore exp t < 10, so that while there is some divergence of electron orbits, it is not signi cant and the`chaotic' nature of the system is never of physical importance. = 500 V the onset of superadiabatic heating occurs around D = 4, which we see from Figure 3 corresponds to the situation where electrons are accelerated across a large fraction of the shock region during their rst gyration after encountering the shock. In other words, when the electrons are strongly magnetized and execute many gyrations within the shock, only adiabatic heating occurs, and the transition to super-adiabatic heating occurs when the cross-shock electric eld is su ciently large to demagnetize the electrons.
Super-adiabatic heating criterion
A useful quantitative estimate of the criterion for 
where we have used the average value of the magnetic eld in the shock region (r + 1)B u =2, and the latter expression is for the plasma parameters detailed at the beginning of x3. Equation (13) implies that super-adiabatic heating will occur for D < 3 when = 500 V, and for D < 2 when = 200 V. This somewhat underestimates the critical thickness but is nevertheless useful, and the argument that leads to it provides useful insight into the physics, a point we return to in x7. 6. Energetics & Adiabatic Drifts 6.1. Energetics The potential energy associated with the electric eld components E x and E y can be identi ed as U(x; y) = U x (x) + U y (y) (14) with U x (x) = e + e Z x(t)
?xs E x (x 0 )dx 0 U y (y) = eE y y (15) where an electron at y = 0 is arbitrarily assigned zero potential energy downstream of the shock (x > x s ). Then writing the kinetic energy at time t as
it follows that the total mechanical energy = W(t) + U x(t); y(t)] (17) (21) The nal oscillatory term of equation (21) averages to zero over a complete gyration.
Of primary interest here is the change in the gyrokinetic energy from its upstream value to its nal value after the last encounter of the electron with the shock region. This is determined by the cross shock potential , the change in the uid kinetic energy W f , and the change in the potential energy associated with the y-coordinate of the particle's gyrocentre. In particular W ? = e ? W f ? hU y (y)i (22) where hU y (y)i indicates an average over a complete gyration.
Adiabatic drifts
When the shock half thickness x s is much larger than an electron gyroradius it is appropriate to average over the electron gyromotion and consider only the gyrocentre motion. As an electron crosses the shock from upstream to downstream its potential energy associated with the cross-shock electric eld E x decreases by e . Within the shock the electron experiences an E x B z drift parallel to +y. This tends to increase the potential energy of the electron (increasing U y ). There is also a drift component related to the changing magnetic eld strength in the shock; this rB-drift is in the direction ?eB rB which is parallel to ?y and so tends to decrease the electron's potential energy (decreasing U y ). Finally the decrease in the uid speed means that the associated kinetic energy decreases as the electron crosses the shock. Balikhin & Gedalin (BG94) showed that in the adiabatic case the potential energy change that would result from the E x B z drift alone exactly cancels the change due to the cross shock potential. The requirement that x s be larger than all length scales associated with the electron orbit requires that the change in the uid kinetic energy be small, a point we return to in x7. The (25) where temperatures are in eV, and the latter expression has been evaluated for the standard parameters. This expression provides a useful estimate of the super-adiabatic heating for the standard parameters, but it is not generally applicable. In particular, it does not take account of the dependence of the change in the electron temperature that is associated with the change in the uid kinetic energy across the shock. It is easy to show that
and since the change in the uid kinetic energy is negative equation (22) implies that this e ect makes a positive contribution to the change in the gyrokinetic energy. When the upstream uid speed is relatively small this change is small compared to the cross-shock potential and it can be neglected, as is the case for the default parameters used here. However, as the uid speed is increased W f becomes increasingly important and it cannot be neglected at high shock speeds. Nevertheless, equation (25) is a good approximation when W f , which raises the question of why the maximum temperature change at a thin shock is half the cross shock potential. One may think that in the limit of a thin shock { where =D 2 is large { electrons are unmagnetized as they cross the shock and so should gain an energy equal to the cross shock potential. This is partly true but is not the whole story, as shown in Figure 7 where we plot the gyrokinetic energy W ? (t) of representative electrons as they pass through a thin shock with = 500 V and D = 1 (left) and a thick shock with the same cross-shock potential but D = 7 (right). Figure 7 shows that the gyrokinetic energy of an electron increases dramatically as soon as it encounters the shock and that in the thin shock case the rst time the electron exits the shock it has a gyrokinetic energy approximately equal to the cross-shock potential energy. In the thick shock case the initial energy gain is smaller, but still a signi cant fraction of e . However, having attained this energy the electron proceeds to lose some (if the shock is thin) or essentially all (if the shock is thick) as it gyrates in the shock elds. Since the thick shock case can be understood in terms of a gyrocentre approximation (x6.1), we concentrate here on the thin shock case. Figure 3 showed that when =D 2 is su ciently large electrons are initially dragged straight across the shock region where they are demagnetized, but that they are remagnetized in the downstream region and are forced to return to the shock. On re-entry an electron is forced to drift in the y-direction by the E x B z force, thus increasing U y . (N.B. At a thin shock as considered here the E x B z drift is much larger than the oppositely directed rB drift.) The increase in the potential energy results in a corresponding decrease in the kinetic energy, and so the drift to larger and larger y during each shock re-encounter produces the descending steps in W ? which are so clearly a feature of Figure 7 .
In the limit of large =D 2 , the rst time the electron exits the shock it is traveling almost parallel to the shock normal with a gyrokinetic energy of W ? e and a gyroradius close to the critical value R ?c . A simple sketch { shown in Figure 8 { then shows that if the uid motion per gyroorbit is small, the gyroradius must decrease to approximately half the critical value before the electron can complete a gyration in the downstream plasma without re-entering the shock, hence the limit T ? = =2 at low uid speeds. is small, so that between each shock re-encounter the gyrocentre moves in the x-direction a distance much smaller than the gyroradius, the gyroradius at escape from a thin shock must be approximately half the gyroradius after the initial shock transit.
Increasing uid speed
The above discussion provides considerable insight into the e ect of increasing the uid speed. In the case of a thin shock, the gain in gyrokinetic energy during the rst shock traverse is not strongly dependent on the uid speed v u , but the number of shock re-encounters decreases as v u increases. Since the gyrokinetic energy of the electron decreases during each shock re-encounter we expect the nal gyrokinetic energy to increase with uid speed. Indeed in the limit where the uid speed is so high that the electrons never return to the shock after their rst encounter U y will be small and so W ? e ? W f . Since W f < 0 the change in gyrokinetic energy actually exceeds the cross-shock potential at high uid speeds. All these e ects occur as expected, but the change in the temperature is not so straightforward since at su ciently high uid speeds the downstream distribution is quite anisotropic, in the sense that there is a preferred gyrophase which varies with time. When both =D 2 and v u are large the cross-shock potential drags electrons across the shock and when they rst exit the shock and enter the downstream region they have largev x and smallv y . The electrons have very few subsequent encounters with the shock so this clumping in gyrophase is preserved in the nal downstream distribution. The temperature therefore greatly underestimates the average gyrokinetic energy of the distribution in these circumstances, and is not a very useful diagnostic. Figure 9 summarizes these e ects. The + symbols show the temperature change as a function of shock thickness for the default upstream uid speed (as shown in Figure 6 ), and the symbols show the corresponding results when v u is increased by a factor of 10. It is the clumping in gyrophase which leads to the lower than expected values of T ? at D < 3. Figure 6 . symbols are for a uid speed which is 10 times higher.
A criterion for the importance of the uid motion can be estimated by comparing the distance L = 2 mv=eB moved by the gyrocentre of an electron in a gyroperiod, to the other length scales in the system, namely the shock thickness and the electron gyroradius. There is some ambiguity in L as de ned because v and B both change through the shock, but since it is the downstream parameters that determine the number of shock re-encounters, a sensible choice is L = 2 mv u er 2 B u :
For the default parameters the normalized shock thickness is D, the normalized critical gyroradius is R c = 3:2 p =500, and the normalized length scale of the uid motion is L = 0:13(v u =400 km s ?1 ). Thus for = 500 V and v u = 400 km s ?1 , L R c so the uid speed is small for D > 0:1 and super-adiabatic heating occurs only when D < R c . When v u is increased by a factor of 10, L = 1:3 is comparable to R c and so the uid speed is not small for any shock thickness D, and the e ects of gyrophase bunching are observed when D < R c .
Discussion and Conclusions
We have clari ed the origin of super-adiabatic heating by the cross shock potential at a thin perpendicular shock. This e ect is a direct result of demagnetization of the electrons in the strong electric eld within the shock region. Unmagnetized electrons gain gyrokinetic energy directly from the cross-shock potential, but the inhomogeneity of the system results in some of this energy subsequently being transferred into potential energy.
While the equations of motion in principle allow exponential divergence of the electron orbits to occur in the upstream half of a su ciently thin shock we have shown that the limited time an electron spends in this region implies that no macroscopic divergence can ever develop. We therefore conclude that the potentially chaotic nature of the system is of more curiosity value than physical importance, and that the techniques developed for analysing chaotic systems offer no great bene t in understanding such systems.
A simple physical criterion for estimating whether or not super-adiabatic heating will be signi cant, and the likely importance of the uid motion have been presented. These o er new physical insight into the e ects of changing the plasma parameters and can also be used for qualitative predictions of the e ect of changes in the structure of the shocks. For example, it is well known that the magnetic eld in interplanetary shocks does not simply ramp up monotonically from the upstream value to the downstream value across the shock region. In fact it increases quite rapidly to a value that is considerably higher than the downstream eld strength, and then oscillates slowly as it settles back to the downstream value (e.g. Leroy et al. 1982) . The initial overshoot of the magnetic eld strength will clearly have the e ect of decreasing the critical electron gyroradius relative to the value for a simple magnetic ramp discussed in this paper. In other words, a larger value of =D 2 will be necessary for the electrons to be demagnetized within a shock with a magnetic overshoot. This suggests that super-adiabatic heating will be suppressed by a magnetic overshoot, and calculations indicate that this is indeed the case.
The mechanism of electron heating by a crossshock potential may be of considerable physical importance. Gedalin and coworkers have suggested that it may provide a direct explanation for the origin of moderately energetic electrons observed in association with interplanetary shocks. It may also be relevant to the acceleration of electrons believed to be responsible for a variety of solar radio bursts that are believed to be shock associated, particularly Type II bursts and their associated herringbone structures (e.g. Holman & Pesses 1983; Street, Ball & Melrose 1994) . More speculatively still, this mechanism may play a role in boosting the energy of electrons from the thermal pool to a point where they can be e ciently scattered by magnetic turbulence on either side of the shock, thereby undergoing the di usive shock acceleration that is invoked to explain a vast array of astrophysical sources of synchrotron emission. where we have used equation (7) to rewrite dv x =dt. Alternatively, sincev x1 ,v y1 and X 1 themselves satisfy equation (7) 
Taking a Taylor expansion ofÊ x andB z around X, keeping only linear terms, and equating the result with that in equation (32) which has a solution = 0 as expected. Furthermore, the remaining cubic equation is the scaled equivalent of equation (8) 
Thus t 2:4 and exp t 11 is independent of the shock thickness and all the plasma parameters.
